Abstract. The wearable lower limb power robotic exoskeleton is a device that can improve the human walking ability. In this paper, an improved exoskeleton device for knee joint is designed, including the improvement of mechanical structure and hydraulic cylinder. In order to verify the effectiveness of the improvement of the hydraulic cylinder, we have carried out the following studies. Firstly, in terms of mechanical structure, length adjusting device is added to meet the needs of different people. At the same time, a limit device is added to the knee joint to improve the safety performance and comfort. Secondly, the dynamics of the model is carried out by Lagrange, and the exoskeleton model is established for ADAMS motion simulation. The force of ADAMS simulation, the calculated by Lagrange equation and the force of the first edition of hydraulic cylinder are compared, and the force selection of hydraulic cylinder is analyzed. By comparison with the first edition, the optimization rate of the improved hydraulic cylinder reaches 8 %. Finally, in order to verify the rationality of ADAMS simulation and the effectiveness of hydraulic cylinder improvement, the wear test is carried out, the average errors of leg centroid in normal walking, wearing exoskeleton walking and ADAMS simulation data are compared. The average error rate is less than 10 %. The results show that the simulation model design is reasonable, and the effectiveness of the hydraulic cylinder improvement is verified. The exoskeleton device designed can well follow the human motion. The simulation analysis of the exoskeleton provides important parameters for the manufacture and it also provides theoretical basis for the later control theory.
Introduction
The wearable exoskeleton device has been widely used in all aspects of daily life and industry. For example, in military applications, an exoskeleton is mainly used to improve the operational ability of soldiers and ease the carrying of weapons [1] . In industrial applications, the exoskeletons are mainly used to reduce the labor intensity of workers. In addition, in the medical field, an exoskeleton can assist patients who are unable to walk [2] . However, some important factors, such as lightness quality, wear comfort and control flexibility, need to be improved.
A brief introduction of a few commercial exoskeleton robot is presented below. The AlterG Bionic Leg™ is a wearable mobile auxiliary device, which is powered by batteries [3] . It can help patients walk and automatically identify the patients' movement intention [4, 5] . At the same time, the device can also help in the rehabilitation of patients with spinal injuries to help them walk, so as to enhance and improve their sports posture and enhance their ability to exercise.
The C-Brace® Orthotronic Mobility System is a passive knee ankle foot orthosis robotic exoskeleton for running support [6] . It can be used to help paralyzed patients recover by stretching the knee joint. The hydraulic resistance control is provided by adjusting the hydraulic resistance of the standing stage and the swing stage to provide the walking aid to the patients, help wearers run or climb stairs to satisfy the patients' walking desire [7, 8] .
A robotic knee exoskeleton robot has been designed in our Laboratory for the assistance of the elderly. The first version of the lower limb exoskeleton was designed, as shown in Fig. 1 . However, some shortcomings in the trial restricted the cooperation ability of the robot with the patient, the structure was heavy, the operation was inconvenient, and the security was poor. Therefore, in this paper, the improved version is introduced. In order to verify the effectiveness of the hydraulic cylinder improvement, the dynamic analysis of the model is carried out by Lagrange, and the ADAMS motion simulation of the exoskeleton model is established. By comparison with the first edition, the optimization rate of the improved hydraulic cylinder reaches 8 %. In order to verify the rationality of ADAMS simulation and the effectiveness of hydraulic cylinder improvement, the wear test was carried out. The average errors of the center of mass of the legs in normal walking, wearing exoskeleton walking and ADAMS simulation data were compared, and the average error rate was less than 10 %. The results show that the simulation model design is reasonable and the effectiveness of the improvement of the hydraulic cylinder is verified. 
The structure design of lower limb exoskeleton
The robotic exoskeleton is a device that combines a human with a machine. The improved version is diagrammatically depicted in Fig. 2 , the knee joint of the lower extremities has one degree of freedom, and an actuator. The device was ergonomically designed for the comfort and convenience of the wearer. The structure of the whole device is optimized and improved to increase its quality. In addition, an adjustable device is used on the thighs and legs in order to meet the wear ability requirements of patients with different heights.
The length adjusting of the device
In order to wear more comfortably, the design of exoskeleton should be consistent with the size of human lower limbs, and the length of exoskeleton device can be adjusted according to the requirements. Fig. 3 shows the proportion of lower limbs relative to the total height of the human body. Let be the total height of the human body, the total height of the thigh relative to the human body is 0.245 , and the length of the leg relative to the human body is 0.246 [9] . As shown in Fig. 3 , the red line represents the position of the lower extremity exoskeleton device in the human body. The total length of the designed thigh relative to the human body is 0.12 , and the length of the lower leg relative to the human body is 0.246 . According to the height range from 160 cm to 180 cm, for example. As shown in Table 1 , the adjusting lengths of the thighs and legs of the exoskeleton device are calculated when = 160 cm and = 180 cm [10] .
According to Table 1 , the structural parameters of the rod of exoskeleton device are determined:
• Adjustment range of thigh: 190 mm-220 mm,
• Adjustment range of calf: 390 mm-450 mm. 
The limiting device of the knee
When designing the exoskeleton, careful consideration should be given to safety issues. Accordingly, a knee joint rotation limiting device is necessary to include in the design. In the direction of sagittal movement, the rotation range of the knee joint is between 0-80° [3, 11] . In order to avoid the knee joint going beyond this range, we designed a groove in the knee joint rotation device, so the exoskeleton can only move within this range, as shown in Fig. 5 (a). Its working principle is shown in Fig. 5(b) . When the knee joint rotates, points A and B rotate around the center point O in the groove mechanism respectively. When A rotates to C and B rotates to D, they reach the ultimate rotation position, which helps to realize the limitation of the range of motion of the joint, so as to play a role in human safety protection. 
The driving mechanism
The exoskeleton device not only needs to be small in size and have a compact structure, but also must be lightweight. Therefore, the actuator uses an electric hydraulic cylinder, as shown in Fig. 6 . First, the hydraulic actuator is a linear motion actuator, which greatly simplifies the design of the mechanical structure, and can transform mechanical energy into human motion and provide assistance. Second, it is small in size and smooth motion, making the whole structure more compact and natural [12, 13] . The rod parts of the hydraulic actuating structure were theoretically analyzed. Through calculation, the normal rated thrust of the hydraulic cylinder is is 600 N. As shown in Fig. 6 , to establish the relationship between the hydraulic cylinder and the installation location:
Comprises two straight lines and angle type, among them, the length is 38 mm and length is 189 mm.
is the knee joint angle In the case of the cosine law △ , the length of the driver can be obtained:
However, the length of the drive must meet the Eq. (3) below: 
when the knee joint hydraulic cylinder is at the two limit positions, the journey is the largest. According to human kinematics parameters, the rotation range of human knee joint is 0-80° [14] , with 0 and 80 generation into the type (2). The length of the hydraulic cylinder change range was calculated to be from 195 mm-220 mm, with the largest travel distance being 25 mm. The maximum driving torque of the walking aid mechanism should be the same as that of the driving body. The average weight of the normal human body is 60 kg [7, 15] . The proportion of the human body lower limbs relative to the whole human body is 38.68 % [16] :
= m × 38.68 % × × 1000 = 60 × 38.68% × 0.98 × 1000 = 22743.84 N. mm.
Among them, is the unit joint moment, the value is 0.98 N/kg. Finding the Maximum Driving Torque , According to the Eq. (5):
Given the lengths of the maximum driving torques and , the maximum pulling force at the knee joint can be calculated. as follows the Eq. (6):
Accordingly, the selected driving force of the hydraulic cylinder is 600 N.
Lower limb exoskeleton dynamics analysis and simulation
In order to verify the practicality of the design of the hydraulic cylinders and the mechanisms, the Lagrange method is adopted, and a simulation is conducted using the ADAMS software.
Dynamics analysis
First, in the process of dynamic analysis, we use Lagrange multipliers for dynamic analysis based on Fig. 9 . The Lagrange equation is as shown in Eq. (7) and Eq. (8):
Therefore, the formulas to calculate the kinetic energy and the potential energy are as shown below.
Thigh connecting rod is as shown in Eq. (9) and Eq. (10):
= ( + )g cos − cos .
The crus connecting rod is as shown in Eq. (11) and Eq. (12):
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The expression of the Lagrange function can be obtained from the above formulas, as shown in Eq. (13):
In the calculation, we can assume that the ankle as a passive joint, which rotates with the rotation of the knee joint. Accordingly, we can consider the following part of the knee joint as a whole connecting rod, and the unilateral robotic exoskeleton model can be simplified as a two-link model, as follows Eq. (14) and Eq. (15):
= ( + ) − cos + cos( + ) + g − cos + cos( + ) . (15) The Lagrange function of the single side two-link system of the mechanism is as shown in Eq. (16) 
According to the above formula, we need to take the derivative respectively:
The dynamic expression of the torque of the hip joint and the torque of the knee joint is as shown in Eq. (17) and Eq. (18):
The equations of and expressed in matrix form are as shown in Eq. (19):
Through the above calculations, we provide a reliable theoretical basis for the motion state of the single lower extremity robotic exoskeleton, and provide a reference for the selection of hydraulic cylinders. In addition, the calculations also provide a theoretical basis and reference for the development and design of the control system.
Adams simulation analysis
For the purposes of the simulation, the three-dimensional model fabricated using SolidWorks is imported into the ADAMS software [17, 18] . The properties need to be edited, so the length and the center of gravity of each component in the ADAMS software, and the parameters are set up as shown in Table 2 . In the simulation process, we need to limit the rotation of the upper part of the human body to maintain balance. The friction coefficient is 0.6 in the human body and the ground [19, 20] . The driving data of each joint is set according to the standard drive function. The model is depicted in Fig. 7 . After the simulation, the data processing is performed by the ADAMS/postprocessor. As shown in Fig. 8 , it is the theoretical angle of knee exoskeleton rotation and the angle data of ADAMS simulation. From the analysis of simulation data, it is found that the rotation angle of human knee joint is between 0 and 80 degrees, and it changes periodically. Through comparison, the error between simulation data and theoretical angle is within 0-6 degrees range, which shows that the simulation data of human joint angle accords with human kinematics. In addition, through the simulation data, it can be seen that the design of the knee joint limitation device meets the actual needs. FANGZHENG WANG, LEI YAN, JIANG XIAO, LEI FAN As shown in Fig. 9 , three force curves are compared, including the hydraulic cylinder driving force simulated by ADAMS, the hydraulic cylinder driving force of the first edition and the Lagrange dynamic theory analysis. In Fig. 9 , it can be concluded that the driving force trends of the three cylinders are similar and have good consistency. For the driving force of knee joint, the calculated moment of Lagrange equation is in good agreement with the driving force obtained by ADAMS simulation, which proves the correctness of the theoretical analysis of Lagrange dynamics. The maximum driving force of the hydraulic cylinder simulated by ADAMS is 560 N, and the maximum driving force of the hydraulic cylinder in the first edition is 650 N. Using ADAMS simulation data as standard, the average error of Lagrange is 10 N, the average error of driving force of the first edition is 50 N, and the optimal driving force of the selected hydraulic cylinder is 8 %. 
Results verification
In order to verify the rationality of ADAMS simulation and the effectiveness of hydraulic cylinder improvement. The wear comparison experiment is needed. The influence of exoskeleton on human walking gait is mainly a comparative analysis of gait data with periodic variation. In this experiment, we used the data of human normal walking, wearing exoskeleton walking and ADAMS simulation to analyze the displacement curves in the and axis of the sagittal knee joint. As shown in Fig. 10 , it is the human walking test with wearing exoskeleton. Using the normal walking data as the standard, as shown in Table 3 , the average displacement errors of exoskeleton and normal walking in -axis is 10.5 mm, the average displacement errors of exoskeleton and normal walking in -axis is 7.8 mm. The average displacement errors of ADAMS simulation and normal walking in -axis is 9.3 mm, the average displacement errors of ADAMS simulation and normal walking in -axis is 8.6 mm. The average error is less than 10 %, the average error is within the required accuracy range. The results show that the ADAMS simulation model is reasonable, and the dynamic model can meet the requirements, which verifies the effectiveness of hydraulic cylinder improvement. 
Conclusions
In this paper, an improved exoskeleton device for knee joint is designed, including the improvement of mechanical structure and hydraulic cylinder. In terms of mechanical structure, adjusting device and safety limit device are added. In order to verify the effectiveness of the hydraulic cylinder improvement, the dynamic analysis of the model is carried out by Lagrange, and the ADAMS simulation of the exoskeleton model is established. Three force curves were compared, including the force of ADAMS simulation, the calculated by Lagrange equation and the force of the first edition of hydraulic cylinder. Using the data simulated by ADAMS as the standard, the optimal driving force of the selected hydraulic cylinder was 8 %. In order to verify the rationality of ADAMS simulation and the effectiveness of hydraulic cylinder improvement, the wear test was carried out. The average error rate is less than 10 %. Therefore, the results show that the ADAMS simulation model is reasonable, and the dynamic model can meet the requirements, which verifies the effectiveness of hydraulic cylinder improvement. It also provides theoretical basis for the later control theory. 
